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Abstract Cladocera are one of the most important freshwater
biological indicators for a wide range of environmental vari-
ables. They show strong responses to several environmental
factors (e.g., trophic state, water depth, temperature) and are
very sensitive to changes in water pH. The main interest of this
study was to evaluate the relationship between subfossil
Cladocera community composition and environmental proper-
ties of dystrophic lakes (pH, water transparency, conductivity,
dissolved oxygen, depth and area). We hypothesize that
Cladocera species composition depends on a dystrophication
index (HDI); thus, Cladocera assemblages change with the
degree of dystrophication. For the study, we selected a group
of dystrophic lakes located inWigry National Park (WNP), NE
Poland, where we found subfossil remains of 24 Cladocera
species belonging to four families (Chydoridae, Bosminidae,
Daphniidae, and Sididae). A non-metric multidimensional
scaling (NMDS) was used to elaborate on the similarities
among samples in cladoceran-community composition and
structure. Statistical analyses showed that Cladocera assem-
blages in all the studied lakes were similar, and individual
Cladocera species respond to the measured environmental pa-
rameters (e.g., pH, lake size and depth). Our results suggest
that in dystrophic lakes, Cladocera community composition is
an emerging characteristic of individual species responses to
the environment.
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Introduction
One of the most important zooplankton components in
freshwater lake environments are Cladocera (Crustacea).
They are common throughout the world, from high to
low altitudes; from tropical to temperate areas; in shallow
and deep lakes of all sizes; and in alkaline, neutral and
acidic conditions, among other environmental gradients.
However, taxa specificity regarding environmental condi-
tions makes cladocerans important biological indicators for
a wide range of environmental variables (Chen et al. 2010;
Rumes et al. 2011). Cladocera show a strong response to en-
vironmental factors, such as trophic state (Szeroczyńska 1991,
Zawisza and Szeroczyńska 2007; Chen et al. 2010), total
phosphorus concentration (Brodersen et al. 1998; Amsinck
et al. 2005; Chen et al. 2010), water depth (Korhola et al.
2005; Nevalainen 2011; Gałka et al. 2014), temperature
(Lotter et al. 1997; Korhola 1999; Mirosław-Grabowska and
Zawisza 2013; Zawiska et al. 2015), etc. Cladocera species are
especially responsive to changes in pH, reflecting their sensi-
tivity to acidification (Locke and Sprules 2000; Nevalainen
et al. 2013; Zawiska et al. 2013).
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Cladocera are also one of the most important zooplankton
groups inhabiting dystrophic lakes, and they likely represent
the most important paleobioindicator for this type of environ-
ment. Dystrophic lakes are common in the boreal zone (e.g.,
Scandinavia, Russia, Canada) and rare in the Middle European
Lowlands. In Poland, they occur in the coldest NE lowlands, at
theWigry National Park (WNP), where climate is similar to the
boreal region. Polish dystrophic lakes located within the WNP
are surrounded by pine-spruce forest that makes the landscape
resemble the Scandinavian region (Drzymulska and Zieliński
2013). The local name of these dystrophic lakes is Bsuchary ,^
which in Polish means Bpoor at life^.
Dystrophic lakes are described as natural and immutable
ecosystems (Drzymulska et al. 2013; Zawiska et al. 2013).
These water bodies have several distinctive features, notably,
high amounts of organic acids, brown-coloured water, acidic
water, low visibility and conductivity. Their extraordinary en-
vironmental character is confirmed by their protective status
under the law (National Park, Nature Reserve, Natura 2000
network), although their limnological classification is still de-
bated (Jones 1992; Drzymulska and Zieliński 2013). One of
the best descriptions of their hydrological and limnological
characters is the HDI (Hydrochemical Dystrophy Index)
(Górniak 2006). This dystrophication index takes into account
water pH, conductivity and DOC/DIC ratio; lakes with anHDI
value higher than 40 are considered dystrophic (Górniak 1996,
2006; Keskitalo and Eloranta 1999). In the area of WNP, dys-
trophic lakes are associated with an HDI ranging from 45 to
121 (Górniak 2006; Zawiska et al. 2013). This wide range
reflects a high variability of hydrochemical conditions in the
lakes and represents a starting point for our Cladocera study.
We hypothesize that Cladocera species composition depends
on HDI value and that Cladocera assemblages change with
degree of dystrophication.
Little is known about Cladocera species composition from
dystrophic lakes of WNP. By the end of the twentieth century,
several freshwater zooplankton studies had been conducted
(e.g., Tunowski 1992, Górniak and Dobrzyń 1999, Karabin
1999, Karabin and Ejsmont-Karabin 1999, Kozłowska 1999).
These studies reported Cladocera species richness ranging
from one (Tunowski 1992) to a few species (Górniak and
Dobrzyń 1999; Karabin 1999). This information led us to
conduct a palaeolimnological study of Lake Suchar IV, where
we found the remains of 14 Cladocera species (12 from family
Chydoridae, 2 from Bosminidae), whereas previous studies of
recent zooplankton in the same lake reported only two
(Tunowski 1992), six (Karabin 1999), or up to nine species
(Górniak and Dobrzyń 1999).
The main objective of this study was to determine the en-
vironmental factors that govern the distribution of Cladocera
fauna in the dystrophic lakes.
In this paper, we (1) explore the relationship between
Cladocera fauna composition and HDI values and, therefore,
lake dystrophication state; (2) report information about envi-
ronmental demands of cladoceran communities at the studied
lakes; and (3) create an inventory of the main Cladocera
species that inhabit aquatic ecosystems of the dystrophic
lakes of interest. It was also important to determine a
specific composition of Cladocera fauna for dystrophic lakes.
This knowledge will enhance precision in palaeoclimatic and
palaeoecological reconstructions, especially while tracking
dystrophication phases in the history of lakes, and will con-
tribute to a better interpretation of fossil Cladocera data from
sediments of various other lakes.
Study Site
The study area is located in NE Poland, near the city of
Suwałki (Fig. 1). The unique flora, fauna, and landscape of
this area are protected by law since 1989, when the WNP was
created. The park area lies within the range of the Pomeranian
Phase of the Weichselian glaciation (Marks 2002), within the
Lithuanian Lakeland region (Kondracki 1994). Most of
Poland is characterized by a climate that belongs to group D
- continental/microthermal climates (McKnight and Darrel
2000). However, the NE region of the country is characterized
by environmental conditions similar to those in northeastern
Europe and southern Finland, representing the most severe
climatic conditions within the Polish lowlands. The mean
annual air temperature and precipitation are 5.3 °C and
593 mm, respectively (Grabowska-Bajkiewicz 1997). The
winter lasts around four and a half months, with a mean
temperature of between −6.7 and −2.7 °C. Ice-cover
length is approximately 3 months, from the end of
December until the end of March. The vegetation resembles
the boreal zone, characterized by coniferous forests with a
growing season of approximately 190 days per year.
Dominating plant assemblages are Vaccinio uliginosi-Pinetum
and Sphagno girgensohnii-Piceetum, while lake near-shore
areas are overgrown by floating vegetation mats.
In the studied area, all lakes have a postglacial origin, and
among them, most dystrophic lakes have a kettle form
(Górniak 2006). Dystrophic lakes are shallow (at WNP, 17
lakes are shallower than 10 m, and among them 9 lakes have
<5m depth), round in shape, and have a small surface area (16
lakes are smaller than 2 ha) (Górniak 2006). The high level of
suspended humic substances in the water decreases water
transparency and results in brown-colored water.
Methods
Surface sediment samples (the upper-most 2 cm, representing
the most recent years of sedimentation) were collected from
18 of the 19 dystrophic lakes in the Wigry National Park in













































Fig. 1 Study area. Location of the studied lakes in Wigry National Park
(WNP), Northeast Poland. 1- Suchar I; 2- Suchar II; 3- Suchar III; 4-
Suchar IV; 5 – Suchar VI; 6- Suchar VII; 7- Suchar Wielki; 8-
Sucharek k. Bryzgla; 9- Suchar Dembowskich; 10- Suchar Wschodni;
11- Suchar Zachodni; 12- Wygorzele; 13- Konopniak; 14- Widne; 15-
Suchar Rzepiskowy; 16- Pietronajć; 17- Wądołek; 18- Ślepe. Green
colour on the map indicates forested areas
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July 2012, using a Kajak gravity corer. Sediment samples
were taken at the deepest point (P) and within the littoral zone
(L) of lakes. Such collection of sediment sampling contains
remains of all chydorids species (Chydoridae, Cladocera) that
live in the lake (Frey 1960). Lakes with a maximum depth of
<3m (Ślepe, Suchar Zachodni, SucharWschodni, Suchar VII)
were sampled only for littoral sediments (L), whereas small
and deep lakes (Suchar IV, Suchar Dębowskich, Pietronajć,
Wądołek) were sampled only at the deepest point (P). Only 10
lakes were sampled for both P and L (Table 1). Wet sediment
samples from each sampling point were homogenized, placed
in sterilized plastic containers and kept cool.
Physical and chemical variables of lake surface water
(temperature, pH, conductivity, dissolved oxygen) were
measured in situ using WTW Multiline F/SET-3. A
Secchi disk was used to measure water transparency and
GPSmap 62stc to determine the sampling location. All
measurements were performed around midday.
Samples for subfossil Cladocera analysis were prepared at
the Bioindicators Laboratory of Warsaw Research Center,
Institute of Geological Sciences, according to standard
methods (Frey 1986). Sediments were heated and stirred in a
10 % solution of KOH for 20–30 min and washed
through a 38-μm sieve. Then, samples were analysed
using an OLYMPUS BX 40 transmitted-light microscope
at magnifications of 100× to 400×. All Cladocera remains
were counted (headshields, shells, ephippia, postabdomens
and postabdominal claws) and the most abundant body
part of each species was considered to be representative of
the number of individuals, with a minimum of 200 individuals
counted per sample. Identification and nomenclature of
Cladocera remains were based on Szeroczyńska and Sarmaja-
Korjonen (2007). The results were plotted in a relative abun-
dance diagram using C2 (Juggins 2005, 2007).
The results of the subfossil Cladocera analysis were sub-
mitted to a non-metric multidimensional scaling (NMDS)
(Legendre and Legendre 1998) to elaborate on the similarities
among samples in cladoceran-community composition.
Composition similarities of cladoceran communities among
samples NMDS was preferred over other methods (e.g.,
Principal Components Analysis) because it neither requires
normality of the data nor linear species-environment relation-
ships (Borcard and Legendre 2011). This method generates an
ordination in a two-dimensional space where samples are
grouped together according to their original descriptors
(species abundances), and attempts to preserve the original
topologic relationships among them. Thus, samples with
similar scores in both axes of the ordination are expected
to have similarities in terms of both species composition
and structure of the community. Additionally, samples
were grouped using cluster analysis to understand better
and confirm the results of the NMDS. Given the presence
of rare species that results in abundant zero-values in the
dataset, Canberra distance was preferred over other dis-
tance methods, and clustering was based on furthest neigh-
bour grouping (Correa-Metrio et al. 2011). Lastly, abun-
dance of each species was modelled as a function of the
measured environmental variables through non-parametric,
locally weighted regressions (loess) (Cleveland and Devlin
1988). Combining subfossil assemblages with modern wa-
ter parameters is a procedure widely acknowledged as an
appropriate for determining the relationship between spe-
cies and environment factors (Juggins and Telford 2012;
Cwynar et al. 2012). All statistical analyses were performed in
R (R Core Team 2014).
Results
Water Parameters and Environmental Variables
During the sampling campaign (July 2012), the highest water
transparency was recorded at Suchar Rzepiskowy (2.8 m) and
Suchar Wielki (2.55 m) lakes. Conversely, the lowest water
transparency was measured at lakes Ślepe (0.4 m), Suchar
Zachodni (0.45 m), Wygorzele (0.5 m), Sucharek k. Bryzgla
(0.6 m), and Suchar IV (0.65 m). The surface water tempera-
tures ranged from 19.5 to 28.8 °C and were generally higher in
the littoral zones. The amount of dissolved oxygen measured
at 1-m water depth ranged from 7.2 mg L−1 at Suchar VII to
17.1 mg L−1 at Suchar I. Lake water ranged between acidic
(pH 4.6 – Suchar IV) and neutral (pH 7.0 –Widne and Suchar
Rzepiskowy). Conductivity was very low and ranged from 10
μS cm−1 (Suchar VII) to 39 μS cm−1 (Widne) (Table 1). Lake
water conductivity was, in general, similar to the conductivity
of regional rainwater (Hrynkiewicz and Przybylska 1994).
Subfossil Cladocera
Cladocera remains in the surface sediments of the studied
lakes represented 24 species belonging to four families
(Chydoridae, Bosminidae, Daphniidae, Sididae) (Fig. 2).
Chydoridae was the most diverse family (18 species), whereas
the other families were represented by few species
(Bosminidae 3, Daphniidae 2, and Sididae 1). Cladocera con-
centration (individuals per cm3) varied from 12,677 at Suchar
IV to 1888 at Suchar Wschodni (mean 5552). In four lakes
(Suchar VI, Suchar VII, Sucharek k. Bryzgla, Wygorzele),
only littoral Cladocera species were present, whereas in the
other four lakes, littoral species reached 98 %. Planktonic
Cladocera were dominant in lakes: Widne (43.7 %),
Wądołek (26.7 %) and Suchar I (24.7 %) (Fig. 2). The highest
Cladocera species richness was recorded in Suchar II (19), and
Suchar I and Wielki (17), whereas the lowest species richness
corresponded to Suchar VII (7) and Wygorzele (9) (mean 13).
The Cladocera species present in all lakes were Alonella nana,
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Acroperus harpae, and Alonella excisa, whereas Alona affinis
and Camptocercus rectirostris were present in 17 out of
18 lakes (Table 2). Eight Cladocera taxa with maximum
relative abundances <2 % or a presence in less than 4
lakes were found, and were considered rare. This was
the case of Chydorus piger (one lake, Suchar II - 0.2 %),
Rhynchotalona falcata (two lakes, Suchar III - 0.5 %, Ślepe
- 1.4 %), Alona intermedia (three lakes, Suchar II - 0.4 %,
Suchar - IV 0.4 %,Widne - 0.6 %),Daphnia longispina group
(three lakes, Suchar Wielki - 1.5 %, Suchar Zachodni - 1.0 %,
Wądołek - 4 %), Pleuroxus uncinatus (three lakes, Suchar
Dębowskich - 2.9 %, Suchar Zachodni - 1.9 %, Suchar
Rzepiskowy – 3.2 %), and Simocephalus sp. (four lakes,
Suchar I – 0.4 %, Suchar II – 0.4 %, Sucharak k. Bryzgla -
1.1 %, Konopniak – 0.5 %). Kurtzia latissima and Alona
costata were present at eight and six lakes, respectively, but
their relative abundances were less than 1.6 % (Fig. 2).
Statistical Analysis
NMDS produced an ordination with quadrant I being oc-
cupied exclusively by littoral samples, quadrant IV occu-
pied by pelagic samples (except one), and quadrants II
and III showing a mixture of both sample provenances
(Fig. 3). Alternatively, the cluster dendrogram showed a
mixture of both provenances (littoral and pelagic) in all
groups (Fig. 3). Defining a cutting threshold of 21 dis-
tance units, three groups formed in the cluster dendro-
gram. Group one had eight samples from five lakes:
Widne (P + L), Sucharek k. Bryzgla (P + L), Wygorzele
(P + L), Suchar VI (P), and Suchar VII (L). Group two
contained fourteen samples from ten lakes: Suchar I (P + L),
Suchar II (P + L), Suchar II (P + L), Konopniak (P + L),
Suchar IV (P), Pietronajć (P), Suchar Dembowskich (P),
Suchar Wielki (P), Suchar Wschodni (L), and Ślepe (L).
Group three contained six samples from lakes Suchar Wielki
(L), Wądołek (P), Suchar VI (L), Suchar Zachodni (L), and
Rzepiskowy (P + L). The first group was confirmed by
samples that were ordinated on the positive side of Axis 1
in the NMDS (red dots in Fig. 3), whereas samples in the
second group were mostly located on the negative side of
NMDS Axis 1 (black dots in Fig. 3). Alternatively, sam-
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Fig. 2 Mean abundances of Cladocera in combined samples (samples taken from deepest part of the lake and from the littoral zone) in surface sediments
of dystrophic lakes located in Wigry National Park. Lakes are ordered according to increasing HDI value
Table 2 Mean and maximum relative abundance of Cladocera taxa in
dystrophic lakes of the. 3 Wigry National Park. (n) Indicate number of
lakes where specific Cladocera taxon was 4 found.
Taxon n Mean(%) Maximum (%) SD
Acroperus harpae 18 19.69 40.98 11.46
Alonella nana 18 5.71 20.00 4.67
Alonella excisa 18 26.20 49.75 16.33
Alona affinis 17 11.06 28.57 7.43
Camptocercus rectirostris 17 4.46 9.71 2.70
Alona guttata 15 4.57 10.26 4.20
Chydorus sphaericus 14 5.75 34.94 8.17
Alona quadrangularis 14 3.99 11.65 4.05
Graptoleberis testudinaria 13 3.81 12.88 3.34
Alonella exigua 11 7.60 20.31 6.00
Eurycercus lamellatus 11 3.30 5.71 2.68
Bosmina (E.) coregoni 10 3.23 10.37 4.52
Kurzia lattissima 9 0.78 1.29 0.50
Bosmina longirostris 8 13.45 18.31 11.50
Bosmina (E.) longispina 6 5.22 14.29 3.55
Alona rectangula 6 3.09 8.08 2.06
Alona costata 6 0.82 1.60 0.50
Sida crystallina 5 2.07 5.71 1.55
Pleuroxus uncinatus 4 1.99 3.16 1.04
Simocephalus spp. (ephippia) 4 0.58 1.12 0.29
Alona intermedia 3 0.47 0.64 0.19
Daphnia longispina group 8 2.30 4.44 1.09
Rhynchotalona falcata 2 0.96 1.41 0.35
Chydorus piger 1 0.18 0.18 0.04
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throughout the NMDS biplot (blue dots in Fig. 3). These
results suggest that although sample provenance plays an
important role at structuring the cladoceran community,
other factors are likely more determining.
According to loess regressions, some Cladocera taxa at
dystrophic lakes in the Wigry National Park were dependent
on measured environmental variables (Fig. 5). Three species
(Alona rectangula, Daphnia longispina group, Chydorus cf.
sphaericus) were dependent on lake size (area), and two of
them (Daphnia longispina group, Chydorus cf. sphaericus)
were dependent on the lake maximum depth. The abundance
of Alona rectangula showed a positive relationship with lake
size, and the Daphnia longispina group, with lake size and
depth. Conversely, Chydorus cf. sphaericus was negatively
associated with lake size, depth and conductivity (Fig. 5a, b
and d). A positive relationship was found between Bosmina
longirostris and the water conductivity (Fig. 5b). The water
oxygen was an important variable at explaining the distribution
ofDaphnia longispina group and Alona costata (Fig. 5e), both
of the species displaying a negative response to a decrease in
Dissolved Oxygen. Species belonging to Eubosmina group
and Eurycercus lamellatus decreased in medium oxygen
values (5–10mg L−1) and increased in well-oxygenated waters
(>10 mg L−1). Water transparency had a substantial influence
on the abundance of Rhynchotalona falcata and Pleuroxus














































































(NMDS) of Cladocera samples
from dystrophic lakes at the
Wigry National Park. Samples
coded according to their
provenance (littoral and pelagic,
upper panel) and according to the
group they belong in the cluster
analysis (lower panel)
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decreased with water transparency, the latter increased. One of
the most interesting environmental characteristics of dystro-
phic lakes is their pH, which explained the distribution of five
Cladocera taxa (Fig. 5f). The most acidic-condition tolerating
species were Alonella exigua, Graptoleberis testudinaria,
Acroperus harpae, and Alonella nana, although the two latter
species also showed high abundances at high pH. The high
relative abundance of these species within sites at pH lower
than 5.5 suggests a high tolerance to acidic conditions.
Alternatively, neutral waters were preferred by Bosmina
longirostris, which also increased in abundance with an in-
crease in pH. In our research, the abundance of Alona affinis
in lakes appeared to be independent of pH values (Fig. 5f).
Discussion and Conclusion
Although we covered a wide range of HDI (from 45 to 121
HDI) with our sampling design, the obtained results might
suggest that Cladocera species composition does not statisti-
cally depend on the HDI value. Our studies showed that
Cladocera assemblages of WNP are not significantly associ-
ated with dystrophication state. This observation is especially
evident in the fact that neither NMDS nor cluster pro-
duced a clear classification of the lakes. There was still
a degree of mixing between lake categories in both ordi-
nations (Figs. 3 and 4). However, it is important to notice
that single Cladocera species (taxa) resulted closely asso-
ciated with some environmental factors (e.g., pH, lake size
and depth, Fig. 5). Thus, even though Cladocera community
structure does not directly depend on the dystrophy state, it is
an emergent property of individual species responses to envi-
ronmental factors that may be closely associated to it.
The obtained results suggest that dystrophication state itself
creates unique and specific Cladocera species composition. In
dystrophic lakes, acidity and toxicity (e.g., aluminium) of wa-
ter are buffered and complexed with high contents of humic
matter (Henriksen et al. 1989). Thus, the biological impact of
acidification in humic lakes is generally lower and less serious
compared with clear water lakes with low organic content
(Keskitalo and Eloranta 1999). The effect of pH in dystrophic
lakes is overshadowed by their humic character, which can
explain the surprisingly high diversity and abundance of zoo-
plankton at the studied lakes.
Our results indicate that the best representative
Cladocera species for the dystrophic condition are Alonella
excisa, Acroperus harpae, Alonella nana, Alona affinis and
Camptocercus rectirostris. This composition is substantially
different to the one associated with harmonic (non-dystrophic)
shallow lakes, which in lowland Europe are typically domi-
nated by Bosminidae spp. and Chydorus sphaericus (Milecka
and Szeroczyńska 2005; Bjerring et al. 2009; Mirosław-
Grabowska and Zawisza 2013; Nevalainen et al. 2013).
These latter species were rather rare at the studied dystrophic
lakes. The most abundant species at the lakes of the WNP
(Alonella excisa, Acroperus harpae, Alonella nana, Alona
affinis and Camptocercus rectirostris - see Table 2) have also
been reported as characteristic of boreal lakes, e.g. in
Scandinavia (Korhola 1999; Sarmaja-Korjonen and Alhonen
1999; Bjerring et al. 2009; Nevalainen et al. 2013). This ob-
servation reaffirms a high resemblance between the NE



















































































































































































































Fig. 4 Cluster grouping of
Cladocera samples from
dystrophic studied lakes at the
Wigry National Park, based on
Canberra distance method and the
furthest neighbour linkage.
Colours in cluster branches
indicate cluster groups: red- group
I, black- group II, blue – group III.
The colour of the lake name
indicates (pelagic) black and lit-
toral (green) samples
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Alonella excisa and Acroperus harpae are considered rep-
resentative of oligotrophic, low nutrient and acidic lakes
(Fryer 1968, 1991; Whiteside 1970; Rautio 1998; Bjerring
et al. 2009; Nevalainen et al. 2013; Zawiska et al. 2013).
However, it has been suggested that these two species are also
very successful in soft water lakes because of their low calci-
um demands (Ca+2) (Nevalainen et al. 2013). Our results are
consistent with these observations, as both species were ob-
served to be highly tolerant to acidic conditions, and showed
relatively high abundances in lakes at the higher end of the
studied pH gradient (Fig. 5).
Alonella nana was the most frequent and abundant species
in the studied samples (present in 100 % of lakes). This taxon
is characteristic of boreal lakes (Korhola 1999; Nevalainen
et al. 2013), and has even been classified as a Bsubarctic^
taxon (Harmsworth 1968). However, this species is also
strongly phytophilous and has a marked environmental pref-
erence for dystrophic lakes with Sphagnum mosses (Fryer
1968; Duigan 1992; Nevalainen et al. 2013). On the other
hand, the occurrence of Alonella nana at the studied lakes
was most likely the result of both low pH and the dominance
of Sphagnum in the littoral zones. Moreover, the WNP is
located in the coldest Polish lowland area where climate con-
ditions are similar to Scandinavia and the southern boreal zone
(McKnight and Darrel 2000; Drzymulska et al. 2013).
Alona affiniswas very frequently observed and abundant in
the studied lakes (17 lakes, maximum relative abundance
28%), and it was found in lakes ranging from acidic to neutral
waters (independent of pH value). This species is considered
cold-associated and subarctic (Harmsworth 1968; Flössner
2000; Zawisza and Szeroczyńska 2007). Its occurrence in
WNP further notes to the boreal character of the area.
The apparent success of Alona affinis populations in these
dystrophic lakes could also be related to their ability to
survive in medium depth waters (Nevalainen 2011), where
they feed on detritus (Flössner 2000; de Eyto and Irvine
2001; Nevalainen et al. 2013). These abilities allow Alona













































































































































































































Fig. 5 Selected species abundance for each sediment sample per cm3
(diamonds with red crosses representing observations beyond the scale
of y-axis) as a function of environmental factors: (a) lake area, (b)
conductivity, (c) Secchi depth, (d) maximum lake depth, (e) dissolved
oxygen, and (f) pH. Species-environment variable relationships were
generalized through non-parametric, locally weighted regressions
(loess) (black solid line). Regressions were fitted leaving out one
observation at a time (grey area) to compute 95 % confidence interval
(grey lines)
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lacustrine environments (Nevalainen et al. 2013). Additionally,
the presence of the comparatively rare and never numerous
species Camptocercus rectirostris (Smirnov 1998) in 17 from
18 studied lakes was a significant finding. This species prefers
detritus–covered habitat with a presence of macrophytes (Fryer
1968, 1991) - environmental conditions that are offered by
dystrophic lakes.
Chydorus cf. sphaericus was present in 14 lakes, but its
relative abundances were low (in 9 lakes lower than 5 %, only
in two lakes the abundances were more than 10 %) (Fig. 2).
This taxon is one of the most widespread species across
Europe and is known for its wide ecological tolerance, espe-
cially to pH (Walseng et al. 2003; Belyaeva and Deneke 2007;
Zawisza and Cedro 2012). Thus, its low abundance was
surprising, and this finding is probably the result of the
uniqueness of this area where temperate and boreal condi-
tions conjugate.
Planktonic species found in the sediment of the WNP lakes
were represented by Eubosmina [Bosmina (E.) longispina,
Bosmina (E.) coregoni], Bosmina longirostris and Daphnia
longispina group. The highest abundances of Eubosmina
(>5 %) and Daphnia (4.4 %) were realized at the deepest
(>8 m) and biggest lakes, confirming their preference for deep
and nutrient-poor lakes (Fryer 1985; Korhola 1999; Brancelj
et al. 2009). However, their relative abundances were rather
low (Table 2), suggesting that dystrophic environments are not
optimal for their development. Daphnia longispina group is
also known for its low tolerance to acidic waters, being inca-
pable of surviving at the low pH that characterizes dystrophic
lakes; pH 5.5 is considered the lower limit for this taxa
(Alibone 1981, Weber and Pirow 2009). The occurrence of
Daphnia (in 3 lakes) and Eubosmina (in 11 lakes) at very low
relative abundances was likely more associated with the mor-
phometry of the studied lakes (small and shallow) than with
dystrophic conditions. However, low Daphnia percentages
may have also been linked with very low calcium content in
the water of the lakes, an environmental condition that is crit-
ical for the development of most species belonging to this
genus (Jeziorski et al. 2008; Shapiera et al. 2011).
In all planktonic species, the highest relative abun-
dances were reached by Bosmina longirostris (mean
13.45 %). This is the smallest species of the Bosminidae
family, and it has the ability to live either in the planktonic
zone or among macrophytes (Cerbin et al. 2003;
Nevalainen 2011). Its highest relative abundances in the
studied lakes were associated with neutral to nearly neutral
pH (Fig. 5f) and a high conductivity (Fig. 5b). According
to Locke and Sprules (2000), Bosmina longirostris is de-
cidedly better adapted to neutral conditions than to acidic
ones, but it tolerates low pH.
Cladocera species composition of the dystrophic lakes in
the WNP is very similar to that observed in boreal dystrophic
lakes at the North Hemisphere [Scandinavia (Rautio 2001;
Nevalainen et al. 2013), North America (Korosi and Smol
2011), and Russia (Smirnov 1971)]. Our results prove that
the studied lakes have much a higher Cladocera species rich-
ness than it was previously thought and reported (Kostro
1990, Tunowski 1992, Górniak and Dobrzyń 1999, Karabin
1999). We demonstrate that the cladoceran community at the
WNP dystrophic lakes is quite diverse and is represented by at
least 24 species. The difference between the previously report-
ed diversity and that reported here is likely the result of the
research methods used. In previous studies, samples were
collected using plankton net once a year, resulting in a
temporally and spatially biased collection. Our sediment-
based study offers a better representation of species rich-
ness, as the mud-water interface contains remains of
Cladocera collected through several seasons and composed
of benthic and planktonic species. Furthermore, we expect
Cladocera species richness in the study area to be even
higher than that reported here because the remains of several
planktonic species, such as: Scapholeberis sp., Simocephalus
sp., do not preserve in the sediments.
Overall, our results show a cladoceran community more
diverse and abundant than previously thought. The composi-
tion and structure of the studied Cladocera assemblages re-
semble those of the boreal region, reflecting the climatic dis-
connect that exists between the Polish lowlands and similar
environments is the rest of Europe. Given the extreme envi-
ronmental conditions, the diversity and composition found in
the studied samples was surprising, and according to our anal-
yses at species and community levels, community assemblage
is not directly associated with dystrophy. Rather, community
properties in the region, although highly affected by pH, seem
to emerge from the individual species response to other envi-
ronmental drivers (conductivity, water transparency, lake mor-
phology, dissolved oxygen, among others). Likely, humic
acids play a major role in buffering environmental harshness,
ameliorating conditions in such a way that cladoceran popu-
lations are viable in space and time.
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